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Cross section and product time-of-flight measurements of the reaction
of N with H,0 and D,0 at suprathermal energies
Rainer A. Dressler, James A. Gardner,® Richard H. Salter, Francis J. Wodarczyk,b’ and

Edmond Murad

Geophysics Laboratory, GL/PHK, Hanscom Air Force Base, Massachusetts 01731

(Received 7 August 1989; accepted 5 October 1989)

Charge exchange and hydrogen atom pickup cross sections, and product ion time-of-flight
measurements are reported for N,' =H,O(D,0) collisions at center-of-mass collision energies
ranging between 1 and 15 eV. No isotope effect is detected for the charge exchange branch,
while a significant isotope effect is observed for the atom pickup reaction. Throughout the
measured energy range. the time-of-flight measurements show that the H,O* (D,O™ ) charge
exchange product is produced with near-thermal energy in the laboratory frame, implying little
or no momentum transfer. The charge exchange reaction products are therefore formed with
internal energy comparable to the exothermicity of the reaction (2.96 ¢V). The atom pickup
ion product velocity distributions and the atom pickup isotope effect are consistent with a

spectator stripping mechanism.

1. INTRODUCTION

Ion-molecule reactions have been studied in great detail
at energies below 1 eV. At low energies the long-range ion-
ind:ced dipole interaction may lead to the formation of a
long-lived collision complex, which is expected to dissaciate
statistically into the energetically possible reactant and
product states. Phase space theory'™ has frequently been
used to reproduce the respective reaction rates determined
with low energy techniques such as the flowing afterglow,*
ICR instrumentation,” and the guided ion beam experi-
ment.”

At collision energies above 1 eV, the intermediate colli-
sion complex usually becomes too short-lived for the suc-
cessful use of statistical theories, and nonadiabatic processes
become more important. Research at these collision energies
has been less extensive. Most of the experiments have con-
sisted in determining the energy dependence of the ion-mol-
ecule reaction cross section. Crossed beam experiments*
have yielded important information on the reaction dynam-
ics through the analysis of the kinetic energy and the angular
distributions of the product ions.

Recent space measurements of the plasma surrounding
the space shuttle have revealed ionization levels greater than
ambient densities.”” These measurements have renewed the
interest in ion-neutral chemistrv at suprathermal relative ve-
locities comparable with the shuttle orbital velocity of
7.7+ 02 kms . Itis at these relative velocities that am-
bient ions collide with the contaminant cloud surrounding a
spacecraft. The ionized atmosphere in low earth orbit (alti-
tude 200400 km) consists primarily of O' (~99%) and
N, (~19%) at a total ion density of about 2 10° cm~*.*
Mass spectrometric measurements show that the local envi-
ronment of the space shuttle contains relatively large densi-
tiesof H,O* and H,0 *."7 These ions undoubtedly originate
through charge transfer between ambient ions and H,0.%'

*"Geophysics Research Scholar.
"* Air Force Office of Scientific Research, Bolling AFB, Washington, D.C.,
20332
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Sources of water vapor include surface outgassing, firing of
attitude control jets, and water releases.

Attempts at developing models®'* which predict the
nature of the space shuttle local environment require a
knowledge of the relevant rate coefficients as a function of
energy. An understanding of the energy partitioning in the
reaction products is also necessary to determine the collision
and internal energies at which secondary reactions occur,
and to interpret the results from space-borne mass spectro-
meters whose detection efficiency depends on the ion kinetic
energy. The energy dependence of the charge exchange reac-
tion

O* +H,0-0+H,0" (n

has been measured previously.'*'* In order to develop a
quantitative code, however, it is necessary to include all reac-
tions of H,O.

In this paper we report a dynamic study of reactive N, -
H,0(D,0) collisions at center-of-mass collision energies
ranging between 1 and 15 eV. Two channels are known:

N,' + H,0(D,0) ~N, + H,0*(D,0") (2a)

~N,H*(N,D*) + OH(OD).
(2b)

A thermal rate constant for reaction (2a) of
(2.19 +0.30) X 107° cm® s~ ! was obtained by Howard et
al.'® using the flowing afterglow technique. Turner and
Rutherford'” measured the energy dependence of the cross
section for reactions (1) and (2a) and other charge transfer
reactions with H,O in a crossed beam apparatus. These au-
thors measured cross sections for reaction (2a) that are sig-
nificantly higher than those obtained for reaction (1). Their
data for reaction (1), which exhibits an increase in the inte-
gral cross section as the primary ion energy increases from 1
to 10 eV, is in poor agreement with measurements of Hen-
inger et al.,'> who observed a declining cross section in the
same energy range using a triple cell ICR experiment. This
discrepancy calls for a new measurement of the energy de-
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pendence of the cross section for charge transfer between
N," and H.O.

In addition to the cross section measurements, time-of-
flight measurements of the reaction products have been con-
ducted in order to determine the kinetic energy release of the
product ions. These measurements enable a qualitative as-
sessment of the reaction dynamics involved in reactions (2a)
and (2b).

. EXPERIMENTAL

The apparatus used in this work is shown schematically
in Fig. 1. It is an upgraded version of a tandem mass spec-
trometer described previously.'® lons are produced in either
a dc discharge or an electron impact ion source. The dis-
charge 10n source (Colutron Research) is used when high
ion beam intensities are needed as in the time-of-flight mea-
surements. The electron impact source is used for the cross
section measurements for which low ionization energies are
desired to avoid metastable ton production. An ionization
energy of 20 V is generally used. The low ionization energy
does not circumvent vibrational excitation of the ions. The
degree of vibrational excitation is monitored by measuring
the charge transfer cross section of N,° + Ar, for which the
vibrational dependence is known.'® We find that approxi-
mately 50% of the N,' ions are vibrationally excited. The
energy resolution of the primary ion beam is determined by
the ion source conditions and is approximately 500 meV
FWHM when using the discharge source and slightly less
when using the electron impact ion source. The collision
energy resolution however, is mainly governed by thermal
broadening at the energies of interest in this work. The rela-
tively low primary ion energy resolution consequently does
not affect the accuracy of the present collision energy cali-
bration.

The 1ons are accelerated to approximately 150 V and
passed through a Wien velocity filter (Colutron Research)
to produce a mass selected ion beam. The beam is deceler-
ated in a first retardation lens to a minimum of 20 V before it
is passed through a deflector electrode set, which is used to
produce ion pulses for the time-of-flight experiments. The
ions may be further decelerated in a second retardation lens
between the deflector electrode and the collision chamber.

Water vapor is introduced into a 2.7 mm long collision
chamber with gold-mesh covered apertures through which
the ion beam is passed. The wire mesh prevents the penetra-
tion of the ion acceleration field into the collision chamber.
The wire mesh also enhances the neutral density drop-off
exterior to the collision chamber boundaries, allowing a

t
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FIG. 1. Schematic of ion-neutral collision apparatus. The various elements
are not drawn to scale. (a) lon source (b) Acceleration lens. (c) Wien
velocity filter. (d) Deceleration lenses. (e) Deflector electrode. (f) Colli-
sion chamber. (g) Acceleration and focusing grids. (h) Quadrupole mass
filter. (i) Channel electron multiplier.
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more accurate definition of the effective interaction length.
The exit aperture of 3.2 mm diameter is larger than the en-
trance aperture of 1.4 mm diameter to improve the collection
efficiency. The neutral target pressure is measured with a
capacitance manometer (MKS Baratron 390H). The pres-
sure in the collision chamber is kept below 0.133 Pa (10" *
Torr) to ensure single collision conditions. A series of three
collector grids, the first of which is hemispherically shaped,
1s then used to accelerate and focus the primary beam and
the product ions onto the entrance aperture of an ELF quad-
rupo'e mass filter. The hemispherical grid potential is care-
fully adjusted to optimize both the primary and product ion
beam signals. The ions are detected with a channel electron
multiplier.

The primary ion energy is determined by ramping a re-
tardation potential on one of the grids following the collision
chamber. The derivative of the obtained retardation curve
exhibits a minimum at which the ion beam energy is defined.
The energies determined by this procedure are verified by
measuring time-of-flight spectra of the primary beam. The
ion times of flight are converted to ion energies using basic
electrostatic equations. The time of flight and retardation
measurements produce essentially the same energies. We es-
timate the uncertainty in the ion energy tobe + 0.3 eV.

The presence of metastable states™ ' in the N,' beam is
checked by measuring the electron energy dependence of the
cross sections when using the electron impact source. The
cross sections are found to be independent of the electron
energy at electron energies below 30 V.

When determining reaction cross sections, the collision
chamber is biased at 80 to 100 V with respect to the quadru-
pole bias potential. No focusing is performed with the sec-
ond deceleration lens in order to generate as parallel a pri-
mary beam as possible within the collision chamber, thus
minimizing discrimination. The collector grid potentials are
then adjusted to accept as wide a product scattering angle as
possible. Ions scattered at very large angles in the laboratory
frame as well as backward scattered ions do not exit the
collision chamber and therefore are not detected. The meth-
od used to correct for this problem will be discussed below.
Low-resolution mass spectra are recorded using an AT-com-
patible computer converted to a multichannel scaler. The
resolution of the quadrupole mass filter is kept as low as
possible in order to maintain a mass filter transmission
which is independent of mass. The intensities of the primary
and the secondary ion beams are obtained by integrating the
peaks attributed to the respective masses. Since the small
neutral density and effective path length cause no detectable
attenuation of the primary beam intensity, the cross section
o can be determined from

o=1/1nl, (3)

where [, is the secondary ion intensity, /, is the primary ion
intensity, n is the target gas density, and / is the effective
interaction length.

The detection efficiency of channeltrous is known to be
mass dependent.?>** The efficiency is reported to exhibit the
most prominent mass discrimination at low masses ( <20
amu) and at low detector bias voltages. It is therefore possi-
ble that our measured cross sections for reaction (2a) are
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slightly affected. This was checked by measuring cross sec-
tions at different bias voltages ranging from 1 to 2.5 kV. The
cross sections are found to be independent of the detector
bias voltage. We therefore conclude that the mass depend-
ence of the detector efficiency is insignificant.

In order to determine the true integral cross section, the
collection efficiency of the product ions must be ascertained.
In hydrogen atom transfer reactions such as reaction (2b)
there is typically very little momentum transfer and the an-
gular distribution of thie product ions in the laboratory frame
is distinctly centered in the forward direction. In this case,
the secondary ions are collected as efficiently as the primary
ions. The cross section obtained is therefore equal to the
integral cross section provided the true integral cross section
1s not significantly energy dependent within the energy
width of the primary ion beam. We have measured the cross
section of the hydrogen-atom transfer reaction

N, +D.~N.D' +D (4)

and compare our results to those obtained by Turner et al.™
Shownin Fig. 2. our results are within 109 of those reported
in Ref. 24. In this reaction, the main uncertainty lies in the
effective path length /. The collision chamber path length
was used for / to obtain the cross sections shown in Fig. 2. We
estimate our measurements to be uncertain by + 20%.

As mentioned above, in the case of reactions with large
scattering angles in the laboratory frame, it is not possible in
this experiment to collect the secondary ions as efficiently as
the primary ions. If the product ion angular distribution is
determined to be isotropic in the laboratory frame, the cor-
rect .ntegral cross section can be obtained if the collection
angle of the experiment is known. The collection efficiency
of the present system has been calculated for thermal prod-
uct ions by numerically integrating the collection angle
throughout the interaction volume.>* A collection efficiency
of 18.0% is calculated. To test this value, the cross section of
reaction (1) is measured and the raw data is corrected with

70
N
60} Ny’ + Dy » ND* + D
g‘\
£ A A This Work
o so}- A Turner et al.
L]
7 |
5 A
— 40
P A
O
2 5l A
° ApA
) 1 L
g 20 A
(3) #
10} A é é a
OL' 1 n 1 A 1 n 1 S
0 1 2 3 4 5

Collision Energy, E., (eV)
FI1G. 2. lon energy dependence of the cross section for the reaction
N, + D, -N,D* + D. The data obtained in the present work is com-
pared to the measurements of Turner er al. (Ref. 24).

respect to the collection efficiency before comparing our re-
sults to the known cross section.'®

In order to measure the cross section of reaction (1),
O™ ions are generated by electron impact on CO,.2° Time-
of-flight measurements performed in this laboratory show
that the product H,O" energy distributions are essentially
thermal at center-of-mass energies ranging between 2 and 20
eV.>* Hence, the calculated collection efficiency may be used
to correct the raw cross sections. Our corrected data is com-
pared to the measurements of Heninger et al.'® in Fig. 3. The
agreement is excellent. There is only a slight discrepancy at
the lowest collision energy which may be due to a broader
angular distribution of the products in the center-of-mass
frame at this energy, resulting in a lower collection effi-
ciency.

The time-of-flight technique used here is similar to pre-
viously reported techniques.'™*’ Both the collision chamber
and the hemispherical grid are biased at a lower voltage of
approximately 20 V to increase the flight time and therefore
increase the time-of-flight resolution. At voltages below 15
V, the quadrupole mass filter seriously distorts the time-of-
flight distributions. Primary ion pulse widths 0of 0.5 10 1.5 us
are obtained by pulsing the deflector electrode. A delayed
pulse triggers a time-to-digital converter (20 ns resolution)
for which the amplified and discriminated detector pulses
provide the stop pulses. The time-of-flight spectra are re-
corded with the same computer used for the cross section
measurements.

Hl. RESULTS
A. Charge exchange channel

The energy dependence of the cross section for reaction
(2a) is shown in Fig. 4 for both H,O and D,0O. The mea-
sured cross sections are listed in Table I. No difference is
found between the two isotopically different reactions. A
sample time-of-flight spectrum of the product ion H,O"
measured at a center-of-mass collision energy of 7.24 eV is

60
O
: 0" + Hy0 - 0 + H0"
Feun)
o~
£ ‘ ® This Work .
o O o Heninger et al.
o 40
T 0]
o
N
s | ¢
o
5 S,
©
v 20 [ ‘) o
o o g d °
g o
6 3
i A 1 O 1 1 1. 1 1 1 1 i i
% 15

5 10
Collision Energy, E, (eV)

FIG. 3. Collision energy dependence of the charge exchange cross section
for O' + H,O collisions. The data obtained in the present work has been
corrected with respect to a collection efficiency of 18% and is compared to
the measurements of Heninger et al. (Ref. 15).
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o) SRS SV SN N S S N S T S S S FIG. 5. Time-of-flight spectrum of H.O * (upper curve) produced through
0 15

5 10
Collision Energy, E, (eV)
F1G. 4. Collision energy dependence of the charge exchange cross section
for N - H.O(D.O) collisions. The data has been corrected with respect
to a collection efficiency of 189 assuming an isotropic product distribution
in the laboratory frame. The indicated errors are random errors, the system-
atic error is estimated to be approximately 30%.

showa in Fig. 5. The time-of-flight spectrum of the primary
beam is also shown to demonstrate the time resolution of this
particular measurement. The time resolution of approxi-
mately 0.5 us is found to degrade at primary ion energies
below 8 ¢V. The inserted scale represents the product labora-
tory ion kinetic energy calculated assuming the ions are
formed in the center of the collision chamber. The time-of-
flight spectra are very similar throughout the energy range
investigated in this work. The calculated laboratory and cen-
ter-of-mass kinetic energies of the H,O" time-of-flight peak
maximu are listed in Table II along with the corresponding
center-of-mass collision energies. With the exception of the
lowest collision energies, the H.O ¥ product distributions
are found to be essentially thermal in the laboratory frame.

TABLE 1 Measured cross sections for charge exchange in Ny

- H.01D,0) collisions. ,,,. is the experimentally obtained cross section
and o s the cross section obtained when correction with respect to the
collection efficiency of thermal ion products.

F o T a,.. E . T T,
eV, (A% (A”) (eV) (A7) (A
H.O 10 S.59 KIm' D.O a9 7.86 43.7
18 4 84 269 1.3 5.26 29.2
27 188 271 22 3.99 22.2
29 459 25.5 33 3.87 215
17 338 18.8 4.5 392 20.8
48 317 209 5.5 4.27 237
6.0 31.87 21.5 6.5 3.82 21.2
67 3.37 187 75 187 21.5
73 4.18 232 8.6 3.5% 19.9
87 3.9i 217 9.8 3.56 19.8
95 TR M0 10.3 147 19.3
10,7 338 4.8 1.8 2.9% 16.6
1ns 103 16.8 13.3 2.93 16.3
12,6 2.82 15.7 13.7 2.60 14.4
13.5 2.81 15.6

charge exchange with N, atacollisionenergy of 7.24 ¢V tc.m.). The lower
curve Is the time-of-flight spectrum of the primary ion N. . The inserted
scale portrays the converted faboratory energies of H.O © caleulated assumi-
ing the product ions are produced in the collision chamber center and with a
scattering angle of 0.

The product ion time-of-flight measurements for reac-
tion (2a) are almost identical to those observed for reaction
(1).** In the O + H,O reaction, correcting the experi-
mentally obtained cross sections for the calculated collection
efficiency leads to charge transfer cross sections in excellent
agreement with those obtained in a triple cell ICR experi-
ment.'® The same correction is therefore applied to the mea-
sured cross sections of reaction (2a). The values shown in
Fig. 4 have been corrected with respect to the calculated
collection efficiency of the product ion collection optics.
Both the raw data and the corrected cross sections are listed
in Table L.

The determined integral cross sections which we report
are not in good agreement with the measurements o>f Turner
and Rutherford'” who reported a nearly constant cross sec-
tion of approximately 50x 10 '" cm" in t'. energy range
investigated in this work. Since these autho:s also published
data in the same paper on measuremenis of reaction (1)
which was in poor agreement with t* - incasurements of the

TABLE 1. H.O" (D.O ") laborarory energies £, obtamed from the
measured time-of-flight peak centers ot charge transfer products in N/
+ H.0O(D.0) collisions

E . (ev) F_ eV) E .. (V) E,. V)

H.0 0.8 0.20 + 0.09 D.O 1.7 0.30 - 022

t.s 0.10 + 0.05 27 0.27 + 0.20

34 0.24 + 013 40 0.12 + 0.09

5.0 0.09 ¢ 0.05 59 0104 007

55 0.05 + 0.04 ».0 )08 +« 00S

6.1 0.07 + 0.05 10.2 0.08 + 0.05

7.2 0.08 .+ Q.08 12 011+ 007

7.6 0.07 + 006 12.0 006 . 0.04

7.6 0.10 + 0.08 14.4 0.04 4 0.02
7.9 005 +0.04
10.5 0.07 + 0.03
13.2 0.02 + 0.01
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ICR experiment,'® we conclude that our measurements are
more rehiable than the data from Ref. 17.

B. Atom pickup channel

The energy dependence of the measured cross sections
of reaction (2b) is shown in Fig. 6 for both H.O and D,O. In
the case of N, + H.,O the ion product m/e -- 29 signal in-
cludes contributions from the intense m/. = 28 signal and
from "*"N'"N " primary ions which are poorly discriminated
in the Wicn tilter. The N.H * wus obtained by subtracting a
normalized mass spectrum obtained with no target gas from
the spectrum recoirded with a target gas. The uncertainty of
30% is consequently somewhat higher for these measure-
ments.

Contrary to the charge exchange branch, an isotope ef-
fect is clearly observed here. Sample time-of-flight spectra
are displaved in Figs. 7 and 8. showing the N,D * product
from N, + D.O collisions at collision energies of 3.96 and
12.0 eV, A ume-of-flight spectrum of N.D * ions resulting
from collisions between Noand D. {reaction (4) | ata colli-
sion energy of 2.41 ¢V is shown for comparison in Fig. 9.
Time-of-flight spectra of N.H * from the H.O and H, reac-
tions could not be recorded due to the low signal intensities
when the mass filter resolution 1s adjusted to adequately sep-
arate the primary beam from the product ions.

All of the time-of-flight spectra show that the N.D *
product ions are gencrated with a large amount of forward
energy. Consequently, the product ions are collected effi-
ciently and the measured cross sections may be regarded as
integral cross sections. The peak energies of the time-of-
flight bands are listed in Table II1. Also listed are the corre-
sponding center-of-mass collision energies. A low velocity
tail is observed in all of the N,D ™ (from D.O) spectra. The
tail in the N.D * (from D,) spectra is less pronounced. The
arrows in Figs. 7 and 8 indicate the times-of-flight corre-
sponding to ions produced with no Kkinetic energy release in

5 —

N:* + H0, D0 + NgH', N;D* + OH, OD
—~4t A L Product lon
NE - NgH'
o | a ND*
2 a
o3 ]
— A
p— N -
C -
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=2t
8 A A . ]
wv N A
» A .
73 H
o 1
O ab
| A
B
00 1 i i 1 1 ] 1 1 1 !lO i 1 1 U
Collision Energy, E., (eV)
FiG 6 Colliwon  energy  dependence of - the reaction N
) | -

SHOMO) NHAIND - OHOD) The systematic errors are
estimiated to he approamately 2077 for the deaterated and 307 for the
hydrogenated reaction

N;* + DO<-N.D* + OD

Liervvron g e g bervarannaly
10 20 30 40 s0

TIME OF FLIGHT (10%s)

FIG. 7. Time-of-thght spectra of reactant ons (lower curve) and product
1ons (upper cunve) of the reacton N+ D.O--N.D" + OData labora-
tory ion energy of 9.5 + 0.5eV (£, -~ 3.96¢V). The arrow indicates the
time-of-flizht corresponding to NI produced at the respective center-of-
mass velocity. The inserted scale portrays the converted laboratory energy
of N.D .

the center-of-mass frame. In that case, the laboratory veloc-
ity of the products is the center-of-mass velocity. The N,D -~
time-of-flight bands resulting from N, -D.O collisions are
also found to be slightly broader than the respective bands
observed in the reaction with D,.

IV. DISCUSSION
A. Charge exchange channel

Figure 10 shows the relevant electronic energy levels of
the charge exchange process [reaction (2a)]. The data is
obtained from Rosenstock ef /., Dixon et al.,”” and Lew. "
The charge exchange reaction has an exothermicity of 2.96
¢V which is sufficient to populate the 4 4, state of H,O".
The BB, state becomes accessible at collision energies
above 1.6 eV. Derai ¢s al.’' have observed A-X emission
from thermal Ar* -H,O charge exchange collisions with an

BARARAREENAARRNARARERRRSARRRRAGRRRRRRRRRN
300 100 10 .10 01 (aV)

LT T [

N2* + D;0-N;D* + OD

;‘LLLLl_L_‘L.LJ_
10 20 30 40 50

TIME OF FLIGHT (10°s)
FIGo 8. Time-of-fhight spectea of reactant ons (lower curve) and product
1ons (upper curve) of the reaction No « D0 -N.D "+ ODatalabora-
tory ionenergy of 288 + 0.5eV (E 12.0¢V). The arrow indicates the
time of flight corresponding to N.D * produced at the center-of-mass veloe-
ity. Theanserted scale portrays the converted laboratory energy of N.D*
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FIG. 9. Time-of-flight spectra of reactant ions (lower curve) and product
ions (upper curve) obtained from the reaction N, + D.—~N,D* + Dat
an ion energy of 19.3 + 0.5eV (E,.,, = 2.41 eV). The arrow indicates the
time of flight corresponding to the center-of-mass velocity. The inserted
scale shows the converted laboratory energy of N.D .

exothermicity of 3.14 eV. Evidence for the formation of
H,O" B’B,inthesame reaction at energies above threshold
has been presented by Glosik ez al.** 1t is therefore conceiv-
able that these excited states of H,O * also become populat-
ed in the charge exchange reaction of N,” + H.O(D,0).

At collision energies above 4 eV, the H,O* time-of-
flight spectra show a single band at approximately thermal
energies in the laboratory frame. The total kinetic energy
release in the center-of-mass frame £, is then given by the
center-of-mass collision energy E, ., . Including the thermal
motion of the target this is™

E.,.=E . +3/2)(m/MKT = (m,/M)E,,,,
+ (3/2)(m,/M)kT, (3)

where m, is the primary ion mass, m, is the target neutral
mass, M is the sum of the collision partner masses, and E,,,,,
is the laboratory energy of the primary ions. The internal
energy U of the products is then

U=E. ., -W-E, = —W-—(3/2Y(m/M)KT,
(6)
where W is the heat of reaction. Consequently, the internal

energy of the collision products is approximately equal to the
exothermicity of the charge transfer process.

TABLE H11. N.D " laboratory energies E,_. obtained from the measured
1on product flight times of the N, + D,0 atom pickup reaction. The pri-

mary (N, ) ion energy (£, ) is also shown for comparison.
E . (eV) E.m (eV) E,. (eV)
1.7 40 39
2.7 6.5 6.1
4.0 9.5 8.0
5.9 14.1 13.1
8.0 19.1 17.2
10.3 246 20.2
12.0 28.8 249
14.4 345 303
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FIG. 10. Relevant electronic energy levels of the charge exchange process
N, + H.O-N, + H,0". The molecules are in the respective ground ro-
vibronic states where not indicated.

There is no evidence for higher laboratory-energy
H,O" ions which would be products with higher internal
excitation or products scattered at larger angles. We there-
fore conclude that the charge transfer does not proceed via a
long-lived complex at the collision energies above 4 eV. Fur-
thermore, there is no evidence for the formation of H,O ™ in
the B 2B, state. Optical experiments need to be performed to
determine the degree to which the H,O* 4 4, state is popu-
lated.

The near-thermal laboratory energy distribution of the
charge exchange product ions indicates that little to no mo-
mentum transfer occurs during the collision at energies
above 4 eV. The charge exchange products are presumably
formed in a small range of vibronically excited states. A simi-
lar behavior has been found in the most thoroughly studied
ion—-molecule charge exchange system at collision energies
of interest in this work: (Ar 4+ N,) *."**** Govers et al."’
studied experimentally the vibrational dependence of the
N,' (v) + Ar charge transfer cross section and could ex-
plain the significant vibrational dependence using diabatic
vibronic potential curves and a Landau-Zener type model
developed by Bauer er al.*® The vibronic potentials used are
given by the respective vibronic levels at infinite intermole-
cular distances and the long-range induced dipole and per-
manent quadrupole interactions. The model shows that in
this particular reaction charge transfer occurs in most cases
solely at the first crossing between the reactant and the prod-
uct channel potentials encountered by the approaching reac-
tants. Consequently only near-resonant transitions occur,
resulting in a narrow product state distribution if a small
number of reactant vibronic states are populated.

In a more sophisticated approach, Archirel and Levy™
calculated ab initio potential curves of the (Ar-N,) * system
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including the repulsive part of the potentials as well as the
electronic couplings. These authors found that the experi-
mental results'” are reproduced well when applying their
calculated interactions to the charge transfer model of Dem-
kov.!

The calculation of ab initio potential curves for the pres-
ent system would present a formidable task. The use of dia-
batic potential curves as used in Ref. 19 is reasonable when
considering that the relatively large charge transfer cross
sections indicate that the transitions occur at large intermo-
lecular distances where diabatic potentials are a good de-
scription of the interaction. The present system is more com-
plicated, however, since a bimolecular reaction including a
triatomic reactant is being examined. In addition to the
problem of increased state density, the H.O permanent di-
pole and the anisotropic polarizability and permanent quad-
rupole moment of N, render the interaction potential ex-
tremely anisotropic. The ion—dipole interaction will cause
potential-curve crossings to occur at very large intermolecu-
lar separations R. Due to the weak electronic coupling at
large R these crossings are not expected to foster efficient
transitions. Consequently, more than one crossing may par-
ticipate in the charge transfer process.

Dugan and co-workers*” ™ have solved numerically the
equation of motion for a colliston between an ion and a polar
molecule. Their results indicate that even at thermal ener-
gies the dipole does not efficiently lock into the direction of
the ion. This has been confirmed by similar calculations and
expeiments by Su and Bowers.*>** The potentials at all pos-
sible orientations of the reactants must therefore be consid-
ered. Furthermore. the large degree of anisotropy in the in-
teraction potential may lead to large degrees of rotational
excitation which is not treated in the above model. A de-
tailed discussion of the relevant long-range interaction po-
tentials is not within the scope of this work and will be treat-
ed elsewhere. "’

At energies below 3 eV, the cross sections increase rap-
idly with decreasing energy, indicating an increasing impor-
tance of the attractive part of the potential. The measured
time-of-flight peaks, although subject to larger error bars,
clearly show the product ion to be at higher laboratory veloc-
ities. This is due to either higher internal excitation of the
reaction products or scattering at larger angles in the center-
of-mass frame. The experiment presently is incapable of dis-
cerning between these two possibilities. These collision ener-
gies may be regarded as representing an intermediate range
between a direct mechanism and one involving a long-lived
complex where the long-range ion-permanent dipole and
long-range ion-induced dipole interaction govern the out-
come of the collision. In addition, adiabatic properties be-
come more important at lower energies, significantly alter-
ing the dynamics.

B. Atom pickup channel

The similarity between the product ion time-of-flight
spectra of reaction (2b) and (5) indicates that both reac-
tions proceed via related mechanisms. Reaction (4) has
been described as progressing via a spectator stripping mech-
anism. "™ ** According to this simple model the reaction ef-

fectively occurs between the transferred atom and the reac-
tant ion while the residual neutral fragment is a *“spectator”
of the reaction. The product ion is then produced with a
velocity corresponding to the center of mass of the atom and
the reactant ion while the neutral spectator fragment recoils
at the velocity of the neutral reactant. If the target is assumed
to be stationary in the laboratory frame, the laboratory ve-
locity of the product ion is given by

vy=[m/(m+m;)] v, N

where v, is the reactant ion velocity, m, the reactant ion
mass, and m ,- the mass of the transferred atom. The labora-
tory energy of the product ion E, .. is then given by

Em=[ml/(m1+m7‘)].Eprim' (8)

In the reactions of N,* with H,O and D,O this yields a ratio
E.../E,.., of 0.966 and 0.933, respectively.

The laboratory product ion energy of the deuterium
pickup channel is plotted in Fig. 11 versus the laboratory
primary ion energy. The dashed line indicates the secondary
ion energy expected from the stripping model. The deter-
mined secondary ion energies converted from the measured
flight times agree reasonably well with predicted values. The
measured product energies are slightly below the values pre-
dicted by the model.

In the case of N, + H,(D,) collisions, it has been
found that the product ion velocities exceed the spectator
stripping predictions at low ion energies and gradually ap-
proach them at higher ion energies.**>! A possible explana-
tion for the behavior in reaction (2b) may be found in the
stronger attractive short range chemical (bonding) interac-
tion in the case of the H,O target. This interaction may cause
transfer of momentum to the spectator, resulting in a lower
translational energy of the product ion. Higher resolution
time-of-flight measurements are needed to clearly assess the
situation.

The significant isotope effect is also consistent with the
spectator stripping model. According to this mechanism,
there should be no isotope effect at relative energies £, based

40
- Ng* + DO + Nb* + OD I
L
301 ,"” ;
—~ " e
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FIG. 11. Ton energy dependence of the laboratory energy of the N,D*
products formed by atom-pickup reactions of N, and D;O. The dashed

line shows the secondary ion energy predicted with the spectator stripping
mechanism.
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on the stripping model:
E =[m/(m +mp))}E, .. )]

If the cross sections in Fig. 6 are plotted versus E, , it is seen
that the two isotopic cross sections essentially become equal.

The N.D"* spectra of reaction (2b) are found to be
slightly broader than those observed in reaction (4). The
broadening with respect to the primary beam half width is
likely to be due to thermal broadening effects. The effects of
the thermal motion of the target molecules on the collision
energy distribution and the product kinetic energy distribu-
tion has been discussed by Chantry** and Gerlich.™ In order
to accurately evaluate the thermal broadening involved in
the N,D " time-of-flight peaks, the angular dependence of
the differential cross section needs to be known. In the pres-
ent experiment. isotropic scattering in the center-of-mass
frame would result in a maximum time-of-flight width. The
broadening observed in reaction (2b) may therefore be an
indication that scattering at large angles is more important
in reaction (2b) than in reaction (4).

A low velocity tail is present in the N,D ~ (from D,O)
time-of-flight spectra which is not as prominent in the N,D *
(from D.) spectra. The tail occurs at forward velocities
which are smaller than the center-of-mass velocity indicated
with the arrows in Figs. 7 and 8. It is therefore not likely that
th= tail ions originate from the collisions where most of the
excess energy 18 partitioned into internal excitation. The
band tail must therefore be due to ions scattered at large
angles. Gentry ¢t af.’ detected small amounts of large-angle
scattering with preference to products scattered at 180° c.m.
in reaction (4). For this reaction the time-of-flight resolu-

tion of the present experiment is not sufficient to distinguish
these ions as seen from the position of the arrow indicating -

the center-of-mass velocity in Fig. 9. In reaction (2b), how-
ever, the center-of-mass velocity is significantly smaller than
the primary ion laboratory velocity vector so that the large-
angle scattered ions can be resolved. The time-of-flight spec-
tra do not indicate a preference for scattering at 180°. The
large-angie scattering is presumably due to collisions with
small impact parameters.

C. Relevance to spacecraft environment

As stated in the introduction, these measurements were
carried out as part of a program aimed at understanding the
dynamics of the plasma/neutral environment of large space
structures, such as the space shuttle. For that purpose cross
sections for ion-neutral reactions at suprathermal energies as
well as information about the partitioning of the collision
energy among the various modes of internal excitation and
kinetic energy of the collision products are needed.

A spacecraft orbital velocity of 7.7 km s ' corresponds
to center-of-mass collision energics of 2.6 and 3.4 eV for
reactions (1) and (2), respectively. The fact that we observe
primarily thermal 1ons (Jab frame) from reactions (1) and
(2a) at these energies suggests that in the case of a high
pressure local environment, the relevant cross sections for
secondary reactions are those of thermal ions, as has indeed
been suggested.”” A more detailed analysis of the implica-
tions of reactions (1) and (2) on the shuttle environment
will be treated elsewhere.**
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